Critical thickness for itinerant ferromagnetism in ultrathin films of SrRuOa 
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Ultrathin films of the itinerant ferromagnet SrRuOs were studied using transport and magnto- 
optic polar Kerr effect. We find that below 4 monolayers the films become insulating and their 
magnetic character changes as they loose their simple ferromagnetic behavior. We observe a strong 
reduction in the magnetic moment which for 3 monolayers and below lies in the plane of the film. 
Exchange-bias behavior is observed below the critical thickness, and may point to induced antifer- 
romagnetism in contact with ferromagnetic regions. 



PACS numbers: 75.70.i, 75.60.d, 71.45.Gm 

SrRuOa is an itinerant ferromagnet with an or- 
thorhombically distorted cubic perovskite structure, ex- 
hibiting a transition to a ferromagnetic state at Tc ~160 
K that was shown to be dominated by transverse fluc- 
tuations of robust local moments of size ^ l.GfiB [1], 
the largest of any 4-d ferromagnet. While at high- 
temperatures, in the paramagnetic phase, it exhibits a 
"bad metal" behavior in the limit of /c^^ ~ 1 [2] sug- 
gesting that Fermi liquid theory may not be valid, the 
observation of quantum oscillations in the electrical resis- 
tivity of high-quality thin films of SrRuOa demonstrated 
that the ground state of this system is a Fermi liquid 
At the same time, the degree of electron correlation 
in SrRuOa has been found to be a strong function of 
ruthenium deficiency [4]. To understand the contrast in 
the behavior of SrRuOs between high and low temper- 
atures, appropriate perturbations such as disorder and 
reduced dimensionality, may be used that directly dis- 
turb the magnetic and transport properties of the sys- 
tem. Indeed, recent studies of the thickness dependence 
of the transport and electronic structure of SrRuOs films 
[HI, 0] concluded that a metal-insulator transition (MIT) 
occurs in these films at a critical film thickness of 4 or 5 
monolayers (ML), depending on disorder. However, the 
reported island-like microstructure showing coalescence 
of three-dimensional patches, and the inability to study 
the nature of the magnetism, hinder any possible un- 
derstanding of the observed transition. Since this may 
be the first example of the interplay between itineracy, 
ferromagnetism disorder and dimensionality, better films 
growth and a more direct probe of magnetism are needed 
to establish the important ingredients of the physics in- 
volved. 

In this paper we present new results on the MIT in ul- 
trathin SrRuOs films and their associated magnetic prop- 
erties. We show that in homogeneous films of SrRuOs 
a metal-insulator transition (MIT) occurs at a critical 
thickness below 4 ML. While Tc drops rapidly below ~10 
ML, the size of the moment remains unchanged from its 



1.6/iB in thick films [l], and the easy axis which has been 
closer to normal for thick films, becomes even more nor- 
mal. However, below the critical thickness the easy axis 
of the moment plummets to the plane of the film, and an 
exchange-bias behavior emerges, suggesting the existence 
of antiferromagnetic (AFM) regions in the different layers 
that interact with the remaining ferromagnetic regions. 
Examination of the transport properties of the measured 
films shows an increase in the resistance with decreasing 
thickness. At 4 ML the extrapolated low-temperature 
sheet-resistance is of order ~7 kl], jumping up 8 orders 
of magnitude in 3 ML films. 

SrRuOs samples used in our experiment were grown 
by Pulsed Laser Deposition (PLD). The samples were 
grown in a vacuum chamber with a background pressure 
of 10~^ Torr. A 248 nm wavelength KrF excimer laser 
was employed with typical pulse lengths of 20-30 ns. The 
energy density on the target is kept at approximately 
2.1 J/cm^. All films were grown on Ti02 terminated 
SrTiOs substrates [lo|, at 700 C, with a a laser repetition 
rate of 4 Hertz. We have calibrated the deposition rate 
multiple times throughout the process by performing x- 
ray reflectivity on thicker samples. The thickness of the 
films range from 2 to 25 ML, each with uncertainty of 
only few laser pulses, which is equivalent to a very small 
fraction of a 1 ML (approx. 20 pulses per 1 ML). 

Atomic force microscope (AFM) images (Fig.[T]), taken 
immediately following deposition, indicate that between 
2 and 7 ML, SrRuOs films show homogeneous coverage of 
the substrate, with two-dimensional stripe shaped steps 
following the 0.2°) miscut of the substrate. These 
two-dimensional steps are 1 ML in height and are typ- 
ically 100 nm in width. Moreover, unlike previous re- 
ports [lH , no three-dimensional island growth was ob- 
served, indicating an atomically smooth surface and sin- 
gle domain structure in these films. The observed step- 
like growth seems to fade at thicknesses above 9 ML as 
the steps mostly coalesce, suggesting a transition from a 
growth mode of two-dimensional layer-by-layer to a step 
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flow mode, in agreement with earlier reports [11 1 
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FIG. 1: AFM images of: (a) SrTiOs substrate before deposi- 
tion, (b) 2 ML, (c) 5 ML and (d) 9 ML (see text). 

Fig. [2] shows the resistivity of the fllms through the 
transition, measured from room temperature down to 
4.2K. The ferromagnetic transition was noticeable in all 
fllms of 4 ML and above, however the transition becomes 
broad and difflcult to determine for the very thin fllms. 
We note that while the extrapolated low-temperature 
sheet-resistance of the 4 ML fllm is of order ~7 k^l, the 
low-temperature resistance of the 3 ML fllm increases 
more than 8 orders of magnitude, much higher than the 
quantum of resistance for two-dimensions of h/e^ ~26 
kll. Thus it is clear that a metal-insulator transition has 
occurred in between these two thicknesses. 
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FIG. 2: Resistivity data of SrRuOs films. Arrows point to 
the location of the ferromagnetic transition, determined from 
the derivative of the resistivity (see e.g. top panels for 3 ML, 
4 ML and thick film derivatives). 

The magnetic properties of the fllms were determined 
from Polar Kerr effect (PKE) measurements, which is 



only sensitive to the out-of-plane component of the mag- 
netization [13]. While in general for thin-fllms magnetism 
the Kerr signal is large [l3| , for ultrathin fllms (approach- 
ing 1 ML) of weak ferromagnets, especially deposited 
on strongly birefringent substrates, these measurements 
may become difflcult because of a small signal that may 
be masked by the rotation of polarization due to the sub- 
strate. In our case, SrRuOa fllms are deposited on mis- 
cut substrates of SrTiOa which are very strongly linearly 
birefringent. To overcome the above difflculties we have 
used a zero-area- loop Sagnac interferometer [l^], which 
directly detects the circular birefringence in the magne- 
tized sample. This unique design is based on a Sagnac 
loop in which two counter-propagating beams with op- 
posite circular polarization reflect from the sample while 
completing a Sagnac loop. This design which was flrst in- 
troduced by Xia et al. [l6| is capable of measuring time- 
reversal-symmetry breaking effects with a shot-noise lim- 
ited sensitivity of 100 nanorad/Vi^^ at a power of 10 
/iWatt, while being completely immune to any reciprocal 
effects in the sample, such as linear birefringence [13] • 
For the results reported in this paper we used a normal- 
incidence conflguration, measuring at a wavelength of 
1550 nm with a beam focused on the sample to a spot 
size of 3 Ilia and in the temperature range of 0.3 K to 
room temperature. Since the optical penetration depth 
at the used frequency is of order 200 nm, while the thick- 
est sample used was only 8.8 nm, the signal measured, to 
a very good approximation, was simply proportional to 
the area density of the magnetic moment |l3l|. 

Fig. [3] shows the evolution of the PKE measured on 
the samples from 4 ML to 22 ML thick samples. Hys- 
teresis loops were obtained by recording the Kerr signal 
at the lowest temperature (typically 0.4 K) while ramping 
an out-of-plane magnetic fleld, and then subtracting the 
linear paramagnetic response from the SrTiOs substrate 
and diamagnetic response from the optical components 
in the fringing magnetic fleld. After the magnetic fleld 
was turned off, the PKE was measured as a function of 
temperature while the fllms were warmed to room tem- 
perature. This allowed the determination of the Curie 
temperature Tc and the angle of the easy axis. 

The temperature dependent remanent-Kerr-effect of 
the 2 and 3 ML fllms did not show any ferromagnetic 
transition down to 0.4 K, to a resolution of ±0.2 /irad. 
However, we suggest that the magnetic transition may be 
deduced from the resistivity data that shows sharp up- 
turn in the resistivity of the 3 ML fllm below ~25 K (note 
the logarithmic axis!). The resistivity of the 2ML fllm 
could not be measured below 100 K due to the large resis- 
tance. Of course, this assertion still needs to be checked. 
Magnetization curves of 2 and 3 ML fllms at 0.4 K are 
shown in Fig. [4^. These were obtained by flrst cooling in 
a fleld, then performing a hysteresis loop, followed by a 
subtraction of the (diamagnetic) contribution of the flber 
strand in the magnet. The S-shape and flnite opening of 
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FIG. 3: Panels a-d are PKE Hysteresis loop for SrRuOs films 
of different thickness taken at 4 K, with magnetic field applied 
perpendicular to the plane of the film, panels e-h show the 
temperature dependence remanent PKE signal measured at 
zero magnetic field during warmup, after a positive saturation 
magnetic field was turned off at the lowest temperature. 



both curves indicate that the low-temperature phase of 
these films have ferromagnetic component with moments 
that lie entirely in the plane of the film. The open loops 
are non-symmetric with respect to zero-field, reminiscent 
of exchange-bias behavior [18]. Exchange-bias (EB) phe- 
nomena originate at the interface of FM and AF regions, 
where uncompensated AF moments result in a bias mag- 
netic field, causing the hysteresis loop of the FM to be 
shifted away from the origin [18]. Indeed, the hypothe- 
ses of both, remanent in-plane ferromagnetism and EB 
are further supported by magnetoresistance (MR) mea- 
surements at 0.3 K shown in Fig. [4)3. We note that the 
maximum MR observed is /S.R/R ~ 0.005, a very small 
effect when compared to spin-scattering dominated MIT. 

The first sharp hysteresis loop is obtained for the 4 
ML sample (Fig. [3ti), pointing to ferromagnetism with 
an almost perpendicular moment [^9]. Turning off the 
magnetic field, a remanent signal is observed (^^(T)), 
that disappears at Tc (Fig. [3^). Similar data for other 
samples is given in Fig. [5] where we show the thickness 
dependence of the saturation Kerr signal (6>|^(T), which 
is determined as the highest point of the hysteresis loop in 
Fig. [3]), the Tc of the layers, and the variation of the easy- 
axis for all ferromagnetic films. Fig. [5^ shows that the 
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FIG. 4: a) Hysteresis loop for the 2 ML and 3 ML samples. 
Insets show the region near the origin where the exchange- 
bias nature of the loop is clear. 3 ML is biased to the left 
and the 2 ML is biased to the right. Thick-dots mark the 
crossing of the field axis, b) Magnetoresistance for the 3 ML 
sample. Loop starts at S, continues to A, then B, and ends 
at A. Subsequent loops trace the A-B-A loop. 



saturated Kerr signal is proportional to the film thickness 
from the thick (22 ML) down to the thinnest samples (4 
ML), extrapolating to zero thickness. Since we argued 
that all these films are in the very thin limit compared 
to the penetration depth of the light, this result clearly 
shows that the thick film moment (~ 1.6//^) does not 
change, and that that all layers are ferromagnetic. Below 
4 ML the saturation Kerr signal plummets, indicating a 
much smaller moment of ~ 0.2/iB- 

Fig. [Sb shows the thickness dependence of Tc. To de- 
termine the temperature above which no ferromagnetism 
is observed we magnified the region near the transition 
as show in the inset to that figure. While in general the 
magnetization vanishes at Tc with an exponent smaller 
than unity, domain structure and reorientation in films 
may result in apparent lower transition temperature (Tg) 
[205. We therefore define two critical temperatures as 
show in the inset, and plot both in Fig. [5)3. We note 
that it is Tc, the temperature at which the Kerr signal 
vanishes, which smoothly extrapolates to the thick films 
limit and therefore to previously published data on 3- 
dimensional SrRuOa films [H. Both, Tg and Tc cannot 
be measured below 4 ML. We note that the anomaly in 
the resistivity, measured by taking the derivative of the 
resistivity curves, agrees with Tc for the very thin films 
and continues towards the thick films limit as expected 



4 



b) 



1500 
1200 
900 
600 
300 


140 
130 
120 
110 
100 
22 
20 
18 
16 
14 
12 



□ 




105 110 115 120 125 

Temperature [K] 



o; [Mrad] 



Easy axis 
[Mrad] 

CD 



8 12 16 

Film Thickness [IVIL] 



20 



24 



FIG. 5: Thickness dependencies of (a) saturated Kerr signal 
(■) at the lowest temperature; (b) Curie temperature Tc (a), 
extrapolated Curie temperature Te (•), Resistivity anomaly 
(□); and (c) the angle $ (t) between film normal and mag- 
netic easy axis at the lowest temperature. Dashed line in (a) 
is the linear fit of the data point between 4 and 22 ML. Insert 
in (b) shows how Tc and Te are determined. 

To determine the magnetic anisotropy angle, we cal- 
culate ^ = cos-^(6>f /6>|^). This is plotted in Fig. Et- It 
was previously found that for high-quality epitaxial thick 
films and at low temperatures ^ ~ 30° [2]. In Fig.[5t we 
show that ^ decreases from 22° in the case of 22 ML film, 
to 14° in 4 ML film. Thus, the fact that below 4 ML the 
moment is almost entirely in the plane ( Fig. Hj), hence 
going in the complete opposite way to the trend we found 
above, is just another confirmation that a phase transi- 
tion occurred between 3 and 4 monolayers. 

The above observations point to a unique phase tran- 
sition that occurs as a function of thickness. Thick films 
are itinerant and ferromagnetic with the moment point- 
ing almost entirely in the direction perpendicular to the 
plane of the films. However, when made thin, the mo- 
ments seem to plummet into the plane of the films, with 
AFM layers appearing in contact with FM layers thus 
inducing exchange-bias behavior. The origin of AFM 



regions may be a consequence of both, increased dis- 
order and the emerging two-dimensional physics, and 
the observed thickness-driven phase-transition could ei- 
ther be a natural consequence of enhanced correlations. 
The strong reduction in the moment, from ~ 1.6/is to 
~ 0.2/i5 may further indicate a proximity to a quantum 
critical point in which coupling to fluctuations causes the 
reduction in the moment. 
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